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(57) Abstract: The invention provides semicondnrtnrmateriab inclndnig a gaffinm lutride material layor formed on a rifioon snb- 
strate and methods to form die semicondocior mntmaU The senuoonductor ttw^^t*^* indnde a nansition layer fonned between 
tht sificon substrate and &e gaUiom nitride material Uiyex, The txansition layer is oompoationally-giaded to lower stress in die ga3* 
liiun nitride material layer whi^ can lesolt &om differences in tfaennal expansion rates between tbt gallium nitride inaterial and the 
substrate. The lowering of stresses in the gaUiom nitride material layerrednces die tendeo^ of cracks to foim. Thus, the invention 
enables the ptoducdon of semicondnctor Tn»*<^»^« including gnifaiin nitride material layers having few or tK> cracks. The sennoon- 
dnetormateziab may be used in a nnniber of miciDelectiDnic and opdcd qp^cations. 
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GALLIUM NITRIDE MATERIALS AND METHODS 

Field of InventiQn 
The mventioii relates generally to semicondnctnr Tnatgriqls md, more' 
5 particulady^togamumiiiliideinate^ 
TTtfltgrials. 

Background of Invention 
Gallium nitride materials include gallium nitride (GaN) and its alloys such as 
10 aluminum gallium nitride (AlGaiN), indium gallium nilride (InGaN), and aluminum 
indium gaUium nitride (AIInGaN). These materials arc semiccmductorcan5)ounds to 
have a relatively wide, dkect bandgq) \)diich pennits HgJbly energetic dectamic 
transitions to occur. Such electromc transitions can resdt in gaffium nilride material 
having anumber of attractive properties indudingliie abilhy to effidenfly emit blue 
light, tiie ability to txansmit rienaly; at fiequency, and others. Accordingly, gallium 
nitride materials are being widdy investigated in maiQr microelectronic qyplications 
sudi as traxisistorSy field emitters, and optoelectronic devices. 

In manv qiplicatioaifi, gallmm TiitriHft wnffff^fliy^ im ptv%uf\ m fmbgtr«ty 
However, difSnences mllie properties between gallium nitride materials and substrates 
can lead to difBcdties in growing l^ers suitable for many ^Kc^ Vata8XDp]t, 
gaffinm nitride (GaN) has a diffearent tiiemial e3q3anfflon coeffident (i a, thftrmai 
e}spanaon rate) tim mmy substrate materials m^^ 
silicon. IhisdifGsraiceintiienzialexpanriQncanleadtOGrad^ 
layer dq)osited on such substrates i?Aen flie stni^^ 

processing. The crackiny phenomena can prevent galliim tritrif^e ^fltm als finm b«« e 
suitable &r use m many plications. Graddng can be particulad^ problematic fixr 
rdativdy thic^ (e.g., > 0.5 nucron) gallium nitride layers. 

Gallhnn nitride (GaihO also has a different lattice 
materials. The difBsrence in lattice constant may lead lotiiefini^ 
gamum nitride material l^^dq)6sitBd on substrates. Sudidefiscts can impair the 
peafennance of devices fiarmed using ifae gallmm ntfrirfe yn<rt«ri fll Iflycrs, 
Prior art tedmiques have been devdqped to address crack fis^^ 
fonnation in gallium nitride materials deposted on sgypMre sdbstratR$ tt r} ^ fnii<;*Q p 
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carUde substrates. Such tedmigues, for exang}le, may involve dq^ 

buffsr layers cm the substrate an4 1^ 
buffer lsyer(s). 

Smmnary of Tnvcfltioii 
5 The inveaotioin psxmdes semicanductor materials includfaig a galliam nhride 

xoaterial ]syei &nned on a silioon substrate and mdhods to form Ihe semiconductor 
materials* The semioondnctor materials include a transition lig^ fbimed between flie 
aliconsubstncte and the gallium niliiden^ The transition ItQrer is 

compoationally-graded to lower stresses in Hie gallium nitride material layer which can 

10 lesuhfixm differences in 1hennale)qpansim 

and the substrate. Tlie lowering of stresses in &egallhminit^ 
Ihe tmdenqr of cracks to &tm vMch enables fte production of semiconductor 
materials mcludinggalHum nitride material l^S^h^^ The . 

semiconductor materials miy be used in a number of microdectronic and optical 

15 qspUcations. 

The invention has ovenxme &e problem of growing gallium nitride materials 
haviiig &w or no cnuds on sificon substrates which, due,^ 
fliomal ecpansion rate and lattice constant between gallium nitride materials (e.g., 
GaN) and silicoD, is considgrably more challenging Ifaan on ofeer types of substrates 

20 (e.g.9SiCandsqyphiie). 

In one aspect, the invention provides a semiconductor material Thematerial 
mcludes a substrate mchsduig a silicon layer and a conq)ositionally-graded transition 
layer farmed over the substrate. The material finlherixidudes a galHum 
layer formed ov^ the transition layer. 

25 In another aspect, the invention provides a semiconductor matfrial The 

semiconductor material includes a substrate including a silicon layer and a gallium 
nitride material layer formed over the substrate. The gallium nitride material layer has 
a crack level of less than 0.005 \msJim?. 

In another aq)ect, the invention provides a sennconductor struct^ The 

30 semiconductor structure includes a substrate including a silicon layer, and a gallium 
nitride material layer formed over the substrate. The gallium nitride inaterial layer has 
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atMcknessofgreaterlhanO^xxm^QZL Ilie semicoxidiictQr stnct^ 
semiconductor device. 

In another aspect, the inv^on provides a ine&od of prodi^^ 
semiconductor material. Themethodindudeslhestqisoffmnmgacon^ 
5 graded transition layer over a substrate induding a silicon la^ 
nitride material layer over the transition layer. 

In another aspect, Ifae invention provides a method of pn)^^ 
semiconductor material The method indudesfoniiiag a gallium nitride znateri 
formed over a substrate includmg a silicon layer. The gallium nitride matserial layer has 
10 a cmck level of less than 0«005pin/pm^. 

In another aspect, the invention provides a method 
structure. The method indudesfimmng a semiconductor stnict^ 
substrate mduding a silicm layer, and a gallium nitride material layer fozmed over the 
substrate. The gallhmi nitride material liQrer has a thidmess of greater micron. 
15 In another aspect the invention provides a sennconductcn: materia Ihe 

semiconductor material conqiiises a siliccm (100) sid^^ 
niaterial layer havmg a Wurtzile stnicture £>z^ 

Other advantages, aspects, andfisatures of the mvention^riU become sppataxt 
fiom Ihe folIoTwing detailed description of the invention iwfaen considered in 
20 ccmjunctionwitiitiieacconQKmyingdi^^ . . 

Brief Descriutionof the Drawmgs 
Fig. 1 illustrates a semiconductor material including a ccnnpositicmally-graded 
transition layer accordmg to one embodiment of the present 
25 Hgs. 2A to 21 are exeQQ)laiy profiles of the concentration of an dement as a 

function of the thickness across tiie conQX>dti(mally-graded transition layer. 

Figs . 3 A and 3B illustrate a semiconductor material that inchides a si^exlattice 
transition layer accordmg to anotiier embodiment of tiie present ixn^ention. 

Figs. 4A and 4B are exemplary profiles of the concentration of an dement as a 
30 function of tiie thidmess of the tcansitionlfyets in tiie semiconductor materials of Figs. 
3 A and 3B, respectivdy. 



wo 02/48434 



PCT/DS0iy48426 



Fig. 5 ilhtstxatBS a textured sid)^^ 
accoidiiigto one emix)disie!tf 

Fig. 6 illustrates a sermoQDducto induding an irrtrnnfttiate layer 

beitweea fhe substrate and fte Ixaas^ 
5 present invendoiL 

Fig. 7 ifliistrafes an IJ3D fimned £tnn fte sem 
liTtfrflfyfljr giT ib o^ I ffiien ^ of liie present uxvention. 

Fig. 8 ilhistcates a laser diode fi)nned fixxm 11^ 

<icfiO(»lTn£ In gnnfher embftdimeirt of Ihe present invention. 

1 0 Fig. 9 illttsliates a FET formed semicondoctor material according to . 

anoflier embodiment of Ibe present invention. 

Fig. 10 is axnicEOgraidi of Ihe surface of a galfium nitride kyer Com 
siHcon substrate ^riflx a transition Isyer as described in 

Fig 1 1 fc fi TniCT Qgrffph of tfift gnrfaftft nf ft gnlliiim nitride layer formed on ft 

1 5 silicon substrate without a transxdon layer as described in conparative Fxamp le 2. 

Detailed Description of the Invention 
The invention provides semiconductor mataials induding a gallium mtride 
mptf^vA \pyPT imd a pmcess to produce Ihe senacQnductor materials. Asusedherein, 
20 the phrase ^gallium nifride material'* refers to gallium nitride and any of its alloys, such 
gallium nitride (AlxGa(iHx)N)» indmm gallium nitride (bUyOm.^, 
aluminum indium gallium nitride (A]xI%Ga(i4^)N), gallium arsenide phosporide nitride 
(GaAsgPb N(i^)), alummnm mdium gallnnn arsenide phosporide nitride (AlxInyGa(i.x- 
y)AsJ*b N(i^)), amongst others. Typically, "wbsa present, arsenic and/or phoq)horous 
25 are at low concentrations C-e., less thiem 5 wd^ percent). 

Referring to Fig. 1, a semiconductor xnateaial 10 according to one enitoduneat 
of the invention is shown. Seruconductcnrxnaterial 10 includes a tcaiisition layer 12 . 
formed over a silicon substrate 14 and a gallium nitride material layer 16 fixrmed over 
the transition layer. As described furdier below, transition layer 12 is con9)ositionally- 
30 graded to reduce in tg"ift^ stresses within g^^l^™^ nitride material layer 16 that can result 
fix)m differences between the thermal e3q)anrion rates of substr^ 14 and the gallium 
nitride material layer. The internal stresses ma^ arise, for example, when 
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semiccmdnctor mateial 1 0 is cooled after fte deposition of gaffium nitride material 
l^er 16 and substrate 14 contracts mOTC rqadly fiian the gallinm nitride material lay^ 
As a result of the reduced internal streaes, gallium nitri^ 
formed wth a low crack level maldng semicondu^ 
5 number of qjplications inrlnffing feTs, LEDs, laser diodes, and the like. 
It sihould be understood that \vben a kyer is referred t^ 
another kyer or substrate, it can be directly on flie layer or substrate,^ 
l^erm£^ also be present It should also be understood fcat\^en a layer is referred to 
as being "on** or "over^ another l^er or substrate, it may cover the entire layer or 
10 substrate, or a portion of the layer or substrate. 

As used herem, the temi "conyositionally-graded layer^ refers to a layer having 
a composition that varies across at least a portion of the thickness of the layer. Thus, 
. transition kyer 12 indudes at least two different compositions at dift^ 
within the Isyer. As described forlher below, the composition of transition layer 1^ 
15 be varied in a number of w^ Itisgenerally advantageous to vary the congjorition of 
transition layer 12 in a manner that provides snffidmt sfrain relief tn limit prfvent 

the fermatjop of fsradcg m gallium witriHft mafmal }ay^ ] g 

According to one set of embodinuaits, transition liyer 12 is composed of an 
aUoyofgamum nitride such as AlxIi^^.«^)N,A^ Itshould 

20 be understood, however ^lat transition lay eats having other coztqiositions may also be 
used. In emboduneuts which utilize aUoys of gallium nidde,^^ 
least one of Ihp elements (e.g.;Oa, Al, In) of tibe alloy is tyjicsSly varied dcax>ss at least 
a portion of&e thidmessof&e transition layer. lVhent]ansrtionlayer I2hasan 
A]xh^^Ga(i.«.y)hTcQxiqK)sition,x and/or y is varied. WhentransittQnliQrer 12hasa 

25 AlgcQad^ ccnnposilion, x is varied. When transition layer 12 has al%0a(i^ 
composition, y is varied. 

In certain preferred embodhnents, h is desirable &r transition l^er 12 to 
low gallium concentration at back surfece 18 and a high gallium concentration at fiont 
5urfece20. It has been found Aat such transition layers ane paififf ^ilar Ty ^ffiytjve jn 

30 reUevingmtosal stresses wilfamgallhnn nitride xnat^ Decreaang^ 
gallium ooncenteation of a gallium nitride altov transTtion layer cm mafae the fh erm nl 
esqjansionzaleof&eaUoyniore similar to file thermal eaqiansim As 
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described fiKr&er belo w» gaUium nitride material layer 1 6 typically incliides a high 
gallium concentratiozL Thus, in these embodiments, increasi^ 
gallhmi in transiticm layer 1 2 can make &e thermal e3q)ansion zate of the alloy more 
shnilar to fhefhennale39)ansion rate of gallium It is believed 

5 ffaat in these pire&nedembodimestfseQrective s^^ 

suifice 18hasaxelath^elyshnilarthfianalcsg>ansicmiateassi^^ 
surfiace 20 has a lelativdy shnilar theonal eag)^ 
layer 16. 

ha some cases, the sum of (x + y) at bade sin&ce 18 is grea^ 
10 than 0.6, greater &an 0.8 or ever hig^. M some preferred embodinuQts,(x+y)-l at 
badcsur&cel8,sothattcansitionlayetl2isfreeofgalUumattiieb^ In 
some cases, the sum of (x + y) is less flian 0.3, less than 0.2, or even less at fiost 
sur&ce20. InsoDieprefeatTedemboduneaats,&esumof (x+y)-Oatfi^ 
so that transition layer 12 has a cQ]xq)bsi1io^ Itmaybe 
IS particuIariyprefeixedfortrans3l]cmlayerl2tobaveaconq^ 

sur&ce 20, iwhengalUum nitride material layer 16 has a con^osili^ In other 

cases ^;\dien galliimi nitride material Iqrer is con^ 

preferable for the compo^on of tranati on layer 12 at front surfice 20 to be the same 
as the composition ofgallium nitride material hcyer 16. In some cases, transidonls^ 
20 UisfreeofgalfiumatbadcsurfecelSandhasaccmpositicmofGa^ 
20. 

It should also be undosfood &at fl^ 
may be increased in a direction away from the substrate. 

In certain enibodhnents, it ms^ be preferable fer transkion l^y^ 

25 AlxGa(i^. In these cases, the transition layer is free of mdiunx. Inofliercases, 
transition layer 12 may mdude a small amount of indhnn, for exanq>le, less than 10 
percent by weight When indhmi is present in tiansitiQn layer 12 ^e.,AlxIxvG^ 
the conceolzation of indium ^e., y) mi^ remain constant tfarou^ut the transition 
layer, while Hit concentradon of gallium and aluminnm are gra ded , 

30 Hie composition in transition layer 12 may be graded across its ^ckness in a 

number of different manners. For example, the cQnq>osition may be graded 
continuously, discontinuously, across the entiie thickness, or across only a portion of 
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liie Sickness. As described above, "die a)mposMon iaay be grad^ 
coTiceTTfratian of one or more of Ihe demenls Q.e,, Ga, Al, In). Figs. 2A to 21 illustrate 
exfiiE^lary manners in the conq>ositLon may be graded b^ 
concentration of one of liie elements as a function of tbickness across transition lajrer 
5 12. In certain prefen^embodinients, the profiles iqoresei^ 

gallium across theHiickness of transition layer 12, &ough it should be understood diat 
in other embodiments the profiles may represent the concentration of other elements 
^e., Al or In). The conv^oninFigs. 2A to 21 is that the thickness of transition layer 
12mcFeasesinthed]iecti(ma:wsQrfixmsi^ 14^e.,t-batbacksur&cel8 andt 

10 « 1 at fix>nt sur&ce 20). 

Fig. 2A shows a stq>-^vise variation of concentration as a fimc^ 
i»/bich includes multiple steps. Fig. ^ shows a step-wise variation of concoitration as 
a fimction of thidcness which includes two steps. Fig. 2C shows a saw tooth variation 
ofcoriceiitzaliQnasafimctianoflhidmess. Figs. 2D shows coxxdnuous variations of 

15 conoeDtrationatacoxistantrateasafmctionoftiudmes& Fig.2Esh0Wsaccn3tixmous 
variation of conoeixtration at a constant rate starting fitnn a non*zero CQnceotration. 
Figs. 2F and 20 sbow continuous variations of concentration as a functicm of thickness 
afeaqponential rates. Fig. 2H shows a discontinuous variation of concentration as a 
function of tbidmess. Fig. 21 shows a variation oftheccmcenlzation across a portion of 

20 ihetiiicknessofthetranatiQnl^er. 

It should be understood liiat the profiles illustrated in Figs. 2A to 21 are intended 
to be exemplary and that the conrposrtion of transition laya 12 may be graded in otiier 
manners that are wrdtin the scope of tiie present invention. 

RdEerzingto Figs. 3A and 3B, transition layer 12 may be acompositionally- 

25 graded strained l^ersi^lflttice 22 accordmg to anotiierembo 

inventioxL SiQ>eri[attice22]xidudesaIteniatii)gla}^24a,24bofs^ 
conqKnmds having difiearentcan^ositions. Li some cases, the conqx>sition across each 
individual layer 24a, 24b is varied according to any of tiiexnannezs In 
other cases, the coixQ)osxtion of individual layeacs 24a, 24b is constant across tiie 

30 tinckness of tiie individual layer as shown in tiie concentration profile of Figs. 4A and 
4B. As shown in Fig. 3B (and 4B), the tiii ckneses of individual layers 24a, 24b is 
varied across transtion layer 12 to provide compositional gradmg. 
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It silould be mdeistood that 5i9)eilat^ 

In oxieptefisned set of embodixnents, si9^ 
]ffyftrs of gftlliimn Tiitrtdft alltys havmg SSbtcsA compoffltiQns. Far eacample. layer 24e 
has a compositioii of AlxI%Ga(i4^)K and laya: 24b has a compositiQn of AlJnbGa(i^ 
b)K,^whfiranxMand79^b. In cases i7\dim1faecon^)osilion is graded aax)^ each 
individual laycr^ the ooncenlzatioii of at least one of the demeots (Le., Al, In, Ga) of ^ 
alloy n m bfi vfines^ aeeordrng tn any of fee mmmeis described above. IhcasesiwheQ 
1hecQaQK>sidon of indivi(fa]al layers ^ 
conce(iilratian is Q^dcaUy difGsraxt 

As described above» it may be dedtable to have a low gallium concentration at 
{Hirfiice 1 R ap j a high gallium ecmcentraticm at front sur&ce 20; In embodunents 
th«t iitiTiyj^ fiiiperlirttieft 72 as temgiim Iq^er 12^ increaang the galliign conoentiation in 
a direction awEcy fiom bade surfi»;e 18 can be acconq>li^^ 
individual layers. As shown in Figs. 3B and 4B, layer 24a has a low gallinm 
ccmcentralionajidb^er 24b h^ a hi^ gallium oonoentiadon. As shown, kQrets 24a ate 
zelatrvdydiidc arid layers 24b are relalivdy Am proximate bade s Hie 
thidoaess of layers 24a is deceased and Hit Ihidcness of layers 24b is mcreased in a 
direction away fimn back sui&ce IS. Ihus, layers 24a are lelativdyfein and layers 
20 24barexeMvdy1]udcproxunale&»]tSQr&ce20« This structnre provides a low 
gallium oQneenfagtim at hfldc snrfece 18 and ahig^ gallium concentration at fiont 
surface 20. 

It should be understood fbst transition layer 1 2 ms^ be fbrmied of a combmation 
ofa single kyer having a graded conq)osition and a svqpedattice. In seme cases, & 

25 si5)erlattice is fiarxned over "flie single compositionaUy-gradedl^ Inofliercases^die 
single comi)ositiQnaIly-graded layer is formed over the siqperlattice. 

Transition layer 1 2 can have a variety of fliidmesses depending on Ihe 
^licatioiL Generally, though not always, transition layer 12 has a thidmess of less 
than about 500 microns. In some cases, relatively thidc transition layers are preferable, 

30 for exarq)le between about 2.0 microns and about 20 ndcTOM^ Thidc transition l^ers 
may be preferred vAen fihidc gallium nitride material layers ^e., greater than 5 
microns) are produced. In some cases, rdativdy thin transition layers are preferable. 
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far wrnph between about 0.03 saicron and about 2.0 microns. When siq)edattice 
stroctotes aie as transition hyersylbefhidcness of individual layers 24a, 24b 
dq)endsv9)on^ particular plication. Typically the thickn^ of individual layers 
24a, 24b may be between about 0.001 microns and about 0.020 microns. As described 
5 above, the thicknesses of individual lay^ may vary across transition layer 12 (Fig. 
SB). 

Gallium nitride material layCT 16 is fonned of gallfami niM 
its alloys including aluminum gallium nitride (AlxGa(i-x)N), indium gallium mtiide 
(I%Ga{i^>N), and alnminum indium gallium nitride (AlxI%Ga{iwx^p^). The 

10 composition of galliimi nitride Tnatprral layer 16 is genarally constant across its 

thickness as distinguished with transition layer 12. Thus,xand/Qry are generally fixed 
^en gallium nitride Tnatfirial is formed of any of the aforementioned compound alloys. 
It should be understood "fiiat small variations in the coniposition of gallium nitride . 
m a ter ial layer 16 miay occur, &fr example^ as aresult of sli^non-uni&tmities and 

15 . inhomogeneities during growdL 

In certain prefenred embodiments, galUum nitride material laye^ 
concentration of gallium and includes litde or no amoimts of aluminum and/or ffl<^tll|n ^ 
In hig^ gal liu m concentration embodiments, the sum of (x + y) may be less than 0.4, 
less than 02, less than 0.1, or even less. In some cases, it is preferable for gallium 

20 nitride material layer 16 to have a composition of GaN^e.,x + y = 0). 
As described above, gallium nitride material kyer 16 ha^ 
result of the ability of transition layer 12 to relieve stress arismg fiom differisnces in 
thermd expansicm rates between the dficon substrate 

A '"oadc," as used herdn, is a linear fiacture or a cleavage having, a length to width 

25 ratio of greater than 5:1 feat extgpds Id ihe surface of tiie gallhim TwtriHft TTiMti>fjn^ It 

should be understood that a cradc m^ or mqr not extend througji the 
ofthe gallium nitride material ""Grade level" is defined as a total measure of all ciadc 
leng&s in a gallium nitxide material per umtsui&ce area. Grade level can be ejqsressed 
inunxtsofprn/pm^ Ihe crack levd of a gallumi nitride materid can be measu^ 
30 exan^le^usmg optical microscopy tedmiques. Todetemimethecradclevd,thelengfii 
of all of fte crads in a given area &e^ 1 mm x 1 mm) are added togeOier and divided 
by the total sutfiace area. Ifnecessary, this process may be repeated at a number of 
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locatkms across Ibe sm&ce to provide a mieasarBDiesit tepiesezitative of the entire 
gallimziitddeixiatedaL llieciacklevd at each location znay be averaged to provide 
c^ack level for HxesoateriaL Thejxumber of locatioxis depends i^n the ax^ 
snsfiu^ area of liiegallim nitride Wheaaxneasonngliie crack level of a 

5 gallTTm nftriHf Tneagimements are not made wMm a regioii pgoadmate to 

^giy nf tnfltftrifti imown flie an edge exclusion. Ihe nominal edge exduaon is 5 
mmfiomlheedge. Edge effects in sudi regions ioiq^ lead to increa^ 
are Ijrpicall^ not used to in device fiffmation. . , 

flpn Tntp tniride materifll Iq^er 16 advantageopsily has alow crack level Insome 

10 cases,gaI]jmnDitddeniatmall^erl61iasaci^ In 
gotnr r^Ffs^ g qll^'™ wtriHa mflterifll has a very low CTack level of less than 0,00 1 
|im/>un^ &i certain cases, it may be preferable for gallim 
be substanliaUy crack-fiee as defined by a crack le^^ 

GalUum nhiide material l^er 16 preferably has a nu)nociystall^ In 

15 preferred cases, gallium nitride material layer 16 bas a Wurtzite Qiexagona]) stroctuic* 
Preferably, the entire galHiim nitride material kyer has The 
gallium nitride material layer 16 is generally of higih enou^ quality so as to permit fte 
formation of devices titierein. In some embodiments, galKumiritride material layer . 16 
has a relatively low amount of defiects (e.g., less than 10^ cm'^) which, for example, 

20 . result fitm the lattice inismatdibelweengalHumxulride^ 

The thickness of gallium nitride material layer 1 6 is dictated, in part, by the 
requirements of the spedfic plication. In applications when gallium nitride material 
is used as a device layer, the thickness is suffident to permit formation of ^ device. 
Gallium rulride tp^^"*^""^ layer 16 generally has a thidaaess of greater flian 0.1 micron, 

25 though not always. In ofter cases, thicker galhum rutride iqaterial kyers ar^ 

sudias tiudaiesses greater than 0.5 micron, greater than 0.75 micron, greater than 1.0 
iiiicroiis, greater than 2.0 niicrons, or even greater than 5.0 microiis. Even thick 
galUum rdtride material Uyers 16 are achievable at low crack densities b^^ 
presence oftransition layer 12. In relatively Mdc gallium nitride layers, T55)er regions 

30 of the layer may include low amounts of defects due to the tendency of defects to 
azmihilste 

one another as fliey propagate vertically fbrou^ the layer. Thus,intiiese 
cases, the use of thidc ga^lw™ nitride layers may inqirove device performance. 
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SiKcbn sobstiate 14 typically is fimned of higjb-qualily sojogle-crystal silicon as 
leadily available m the att SiUcoii substrates 14 having difTerezit cry^ 
orientalions be used. In some cases, silicon (111) substrates are prefened la 
other cases, siKcon (100) substrates are prefeiT^ Gallium nitride material layer 16 
5 hamg a Wurtzite structure m^ be grown on silicon (111) substrates and silicon (100) 
substrates using transition layer 12. Itisparticuladysuiprisingfliat gallium nitride 
material layer 16 haviiig a Wurtzite stmcturem^gn>wn on siKcon (100) sub^tr^ 
because conventional techniques generally result in gallium nitride nifltP!n a l{? having a 
mixture of zinc blend (cubic) and Wurtzite structures ivhen grown on silicon (100) 
10 substrates. 

SiUcon substrate may have any dimeiisioiis as used in the art Suitable 
diameters include, but are not limited to, 2 inches, 4 inches, 6 indies, and 8 inches. In 
some embodiments, silicon substrate 14 is relatively thid:, for exanq)le, greater &an 
250 midrons. lldcker substrata are generaUy able to resist bendiiigv^di can oco 
15 in some cases, in fliinner substrates. 

As used herein, silicon substrate 14 refers to any substrate that includes a silicon 
layer. Examples of suitable silicon substrates include substrates &at are composed 
entirely of silicon (e.g., bulk silicon wafers), silicon-on-insulator (SOI) substrates, - 
silicon-on-sq)phire substrz^ (SOS), and SIMOX substrates, amongst ofteis. Suitable 
20 silicon substrates also include substrates that have a silicon wafer banded to another 
material such as diamond, AIN, or aHier polycacystalline TPf^farifll g 

Refemng to I^. 5, siUcm sitetiate 14 is textui^ 
embodiments offte present invention. As illustrated, textured substrate 14 includes a 
plurality ofposts 24 wMch define trenches 26 IherebetweeiL Suchtextnringcanbe 
25 provided ushig selective etdnng and/or sdectiveqnta}d^ EtcMngmaybe 
perfonned using standard dry or wet etehtng teeiTmiq iiftfi^ yniftli ^ xt\f^^ wfaich 

later may be removed. In some cases, tesctored stibstrales are used in CQqunction with 
the transttjoai layers described herem tn grrw gftllnim TutriHi* inflt^pi^l Taywiy -with Vfry 
bw defect densities (e.g., less fiian 10^ cm*^. Silicon substrate 14 mq^ also be pre- 
3Q p atterne d to mdiide mask areas whidi selectively expose regions of the substrate, while 
covering other regions. Such pre-pattemed substrates enable sdective area qntaa^ 
growfhi^c^may be advantageous in noininaizdng defect densities. 
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Re&mag to Fig. 6, senuKBidDCtar matoM 10 
between alioOT subsliate 14 and tianatiaaU^^ 
of &e present mveoiion. It shodd be imdestood tb^ 
po^oned between transition ^ayer 12 and jgallim 
5 T^.temr»«Biite layer 28^ when prowded. may figlher relieve stress in gaffinm nihide 
material liyer 16. Intennediateliyer generally has a tiiicknessoflcffifiian about 500 
micrms and, in son» cases, between about 0.01 nncron and abo^ 
presence of inlennediate Ugrer 28 migr pemit i»duc<ion rfflie fliie^^ 
' 1^12. Tie conqwsffion of the intennediatel^ is generally conslantflmrag^ 

10 tiudmess. 

Mennediate 1^ 28, for exanqfle, can be con^sed of a QaN all^ 
ninmfainn Eflnfam nitride (A1^^>N). mdinm ealliom nitdde (InyG«g-y)N). and 
aimniniini indhipn ganiiim miride (ALIn,^^.^. Infeese cases. &e sum of (x + y) 
in the iniennediate Uyer may be greater ftan 0.4, greater flm 0.6, greater ftan 0.8^ 
15 greater than 0.9, or even more. In some prefened cases, the inleonediate layer is free 
ofgamumandisconqwsedofAyn^QrAlN. GaN alloy intennediatel^eowifli low 
Ga concentiations miy be efifective at idfcving stresses because ^ Ifflve a fliern^ 

e35«nsion rate leiUtivdy dose to fee flieimal eqwnsion rate 0^ 

It should be understood that intermediate Uorer 28 nugr be utilized in accordance 

20 wife aiQrof lhe embotoents described herein mchidingembodim^ 

supedatticeasaliansitionl^! In embodanentsmiJribich transition layer 12 mdudes 
a single coinpositionaUy-graded kyer and a siq>erlatfice, the intemiedM^ 
portioned between the coiiqwritiQnany-gradedlaya and the si5)eriattioe. Insome 
embodimeots of the invention, more 4an one inlennediate byer 28 having dififerert 

25 compositions may be provided. 

According to one preferred method, transition layer 12 and gaUinm nitride 
material lay er 1 6 are grown using a metalorganic diemical vspac depoation (MOCVD) 
process. It dioidd be understood that other suitdjletecMqueslaiownmfee art 
also be utilized to depoat tranation layer 12 and gamum nitride mataial la^ 

30 inchiding molecular beam epita^ (MBE), hydride v^ phase epita:gr (HVPE), and 
tbelike. 
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Generally, Ihe MOCVD process involves introdudng different source gas^ into 
an environment (e.g., a process system) around a substrate and providing conditions 
wMchprcmurte a reaction between tbe gas^ to form a layer on tiie substrate surfece. 
Thereacdonproceedsiffltil a layer of desired iMck^ The con?)ositian 

of the layer msy be controlled, as described further below, by several fectors induding 
gas coniposition, gas concentration, and the reaction conditions (e.g. temperature and 
pressure). 

Examples of suitable source gases for MOCVD growth of the transition layer 
include trimethylalumimm (TMA) or triefhylahminum (TEA) as sources of aluminnm; 
trimefhylindium (TMI) or triethylindium (TEI) as sources of indram; trimefliylgallium 
(TMG) or trunelhylgallium (TEG) as sources of gallium; and ammonia (NH3) as a 
source of nitrogeiL The particular source gas used dq)endst5)on the desired 
composition of the transition layer. For emuple, an aluminum source (e.g., IMA or 
TEA), a gallium source (TMG or TEG), and a nitrogen source are used to deposit fiW . 
having an AlxGai.xN composition. 

The flow rates of the source gases, tibe ratios of the source gases, and ^ 
absolute conceotrations of the source gases may be controlled to provide liansilion 
layers having 4e desired composition. For tiie growfli of AW3ai«N layers, ^^pical 
TMA flow rates are between about 5 fmioymin and alx>ut 50 
of about 20 pmol/uiin h&ng preferred m some cases; typical TMG flow rates are 
between about 5 pmolAnin and 250 (xmol/min, wifh a flow rate of 1 1 SpmoVnm bdbg 
preferred in sonie case^ and the flow rate of anmonia is typicaUy between ab 
sIpmtoabout lOslpm. Ihe reaction teaiper a t u res are genaally between about 900X 
and about UOO'^C and &e process pressures are between about 1 Toir and abo 
Torr. It is to be understood flat the process oonditionsj and m ptri^t^m] ^ fl^ywrat e, 
are higjily dependent on tiie process system configuration. Typically, smaller 
tiffou^bput systems require less flow than larger througjqnit systems. 

Process parameters are suitably a(§usted to control tiie compositional gra^wig of 
flie transition l^er. The ccmqK)srtiQnm£7 be graded l^cihangmg tiie process 
conditions to fevor tiie growfli of particular conipositions. For exan^le, to increase 
incoxpoxalion of gallium in the transition layer thereby incneaging tiie gflllfnni 
concentration, flie flow rate and/or the concentration of the gallium source (e,g., TMG 
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orTEG)xnaybeinCTeased. Siimlady,to iiiCTeaseiiicoiporationof 
Ixansition Iscyer tbereby incieasmg the almninum concentradon, Hie flow zate and/or the 
coDceittratio&ofliieahunimmscn^ The 
Tnnrmer In wfiiA the fitow tale and/or ftecoi^ source is increased (or 

5 demised) oon^ls <fae manner in whidi Ifae compositiQa is graded. Inofiier 
jmW^ m^) ihRtggq^eratim and/or pressure is adjusted to favor the growflx of a 
particular compouDd. Growft. temperatures and pressures fi^s^oring liie incorporatioa of 
galUum into fte tcazKsition layer differ £K>m fl^ 

fffy^i ri^E ineorporaiian of alumimm into the transitioii Igyer. Tbus^liiecoxxqpoation 
10 my be graded by suitably a^ustsugtenqmature^ 

I^calgrow& rates ofthetransidonliQrer are between 

about 3.0 lan/hr. The gpjwfli rate depends iqwn the process paran^^ 

coznpositiaa of the layer. 

Tbe galUum Bitride znaterid layer (aod ix!^^ 
15 be grown using an MOCVD process. The process nuy utilize source gases and process 

parameters similar to those described above for the dqK)sidon of the tranation l^er. 

The particular source gases and process parameter are selected based 190 

con?)osition. When depositing the galHum nitride material layg 

layg), however, the process parameter are maintained constant so 

20 having a constant composition. 

The semiconductor materials of the inventicm may be used m a 

plications. In some cases, semiconductor material 10 is processed using known 
techniques to form a semiconductor device. Doped regions may be formed wiflun 
gallium nitride mptm^l layer 1 6 and additional layers may be deposited upon the 
25 galTiiim yiTfnde matmal layer to produce the desired semiconductor structure. Insome 
embodimeirts, gallhm nitride material layer 16 is do^ 

achieve a desired conductivity. 

Any suitable semiconductor device known in to art including electronic and 
optical devices can be produced using saniconductor material 10.^ Exenq)lary devices 
30 inchKieI£Ds, laser diodes, FETs(e.g.,HFETs) amongst others. 

Fig. 7 schematically illustrates an exemplary LED 30 formed from 
semiconductor Tnat^Al 10. Jl^ 30 mcludes sdliconrdoped gallium nitride material 
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kyer 1 6 fMmed on tension layer 12 on siHcxm Inftefflustrative 
embodSment, the following layers are formed on gallimn nitride matma} layer 1 6 in 
succession: a silicon-doped AlxGap^ l^er 31 (containing 0-20% by waght Al), a 
GaNyinGaN single ormdtq)le quantuni wefl 32, aniagnesiuni.dpp^ AlxGap-a^ layer 
5 34 (containing 10-20% by weight AI), and a magnesium-doped GaN layer 36. LED 30 

includes a p-^ metal contact 38 on niagnesium-<toped GaN kyer 36 and an n^ 
metal contact pad 39 on silicon-<ioped gallium nitride mntma} layer 16. LED.30 may 
be provided as a variety of different stnictureindudin^ a double heterostructure (e.g., 
Al > 0% in layer 3 1), a single heterostructure (e.g., Al = 0% in l^er 3 1), a symmetric 
10 structure, or an asycmnetric structure. It shodd be understood 4at LED may have a 
variety of different structures as known to tbose of ordinary sViTl in the art 

Fig. 8 schematically illustrates an exemplaiy laser diode 40 fonned fiom 
semiconductor material 10. Laser diode 40 includes silicon-doped gallium nitride 
. uMterial kyer 16 formed on transition kyer 12 on siKcon substrate 14. • 
15 iUustiative embodiment, the foUowing layers are fanned on ^ 
layo- 16 in succession: a siKcon-doped AlxQa(i4^ layer 42 (contain 
wei^ AI), a silicon-doped Ai^jQaQ^ layer 44 (containing 0-20% by weigbt AI), a 
GaN/InGaN single or multq>le quantum well 46, a wingneyj^TO-dgped AttOag^ layer 
48 (containing 5-20% by weight AI), a magneshim-dqped AlxGa(i^)N layer 50 
20 (containing 5-30% by wei^Al), and amagnesnnn-dpped GaN ^ Laserdiode 
40 includes ap-^ metal contact 38 onmagnesiumHloped GaN layer 52 and ann-lype 
nutal contact pad 39 on si£con-dqped galUm nitride 
understood ttiat laser diode 40 nwy have a variety of different stnictu^ 
those of cnidinaiy skill in the art 
25 Fig. 9 schemfltical]^^ ilhistcates a FET 54 (e.g^ HFET) fanned fiom 

semiconductor material 10. FET 54 indudes intrinsic gaUhrni nitride material la^ 
fonned on transition layer 12 on silicon substrate 14. FET54mcludesanAtGa(i^ 
laytt56 (containing 10-40% by vffei^Al). It dtould be understood 4at PET 54 migr 
have a variety of different s tr u cl ures as knovm to ^se of ordmaiy sldll in the art 
iO The function and advantage oflhese and other embodhnents of flie 

invention vrin be more fiiUytmderstood fiom flieexanq)^ Thefollowing 
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examples are inteoded to iOnsttate &e benefits of the present inveotiQii, but do not 
exemplii^ &e foU scope of Ibe ix]ven^^ 

Example 1: Production of Gallimn Nitride Layer Using A CompositioDally Graded 
5 Tianffltion Layer . 

Thic imtmp le iHmtrates fee gEfectiveness of a CQnq)Oshionally-graded tranation 
lay w in limiiing fefe mmher of cracks in a gallinm nitride material grown on a alicon 
sobstxate. 

An MOCVD process -ms used to grow an AIN intennediate layer, an AlxGai^cM 
10 con9)ositionally<-graded transition layo:, and a OaN layer in succession on a silicon 
substrate. 

A silicon substrate having a 2-inGfa diametear and a Ifaidaijess of 250 microns was 
positioned in an MOCVD system. To grow Ibe AIN intennediate layer» 
tximediyMuminum gas (IMA) was introduced into the MOCVD system at a flow rate 

15 ^f ffboiit I imnl Amin imA nrrmnmn gas (Knffg) was infaoduced into fee SyStem at a floW 

rate ofbetween about 3 and about 10 s^pm. A growth temperature of between about 
1000-1 lOO^C and a growth pressure 30-200 Torr were maintained in ^ Afier 
about 60 mmutes, an AIN hxtennediate IiQrer was formed hav^ 
0.3 micron on &e silicon substrate. 

20 After the gn)w£hoftheiniOTnediate layer, tiimelhylgalH^ 

introduced into the system at a flow rate of about 5 pmoiyhm to 
TMA:TMG of about 10:1. To form the compositionally-graded transition layer, fee 
flow rate of fee TMA was decreased to about 5 pmol/min, ^^e fee flow rate of ™ 
was inCTeasedto about 115 nmol/miiL Over this time, the ratio of TMAiTMG was 

25 decreased from about 10:1 to about 1:23. After about 30 mhiutes, a compoationally- 
graded transition layer having a thickness of about 0.4 micron was grown on the 
intermediate layer. 

To grow the gallium nitride layer on the transition kyer, fee inlrodu^ 

TMAhito the system was stopped and fee TMGflowrate was adjusted to about 115 
30 pmol/min. The flow rate of ammonia was maintained between about 3 and about 10 
slpm. The growfetemperaturewasmaintamed between about 1000^ 
and fee growfe pressure between about 30 and about 200 Tozr. Afier about 45 nmmtes. 
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a GaN ky ex having a thickness of about 1 ,5 nricron was grown on the conqKJsitionally- 
graded transition layer. The semicondnctor material was ftunace^x^ 
temperature and removed from MQCVD sygtem far nTialygi'ig. 

The resulting semiconductor material induded a 03 m 
5 layer formed on the siKcon substrate; a 0.4 micron fluckcon&^ 

transition layer formed on the intermediate layer, and a 1.5 micron GaN l^cr grown <m 
the transition layer. The conq)osition of the AlxGai.«N transition layer was graded fiom 
X - 0.8 at the juncture with&e intezmediate layer to X'^ 0 at the juncture with the GaN 
l^er. The GaN layer had a monocrystalline structure. 

10 The CTa(± level of the semiconductor maierial was measured using an opti^ 

microscopic technique. Ihemic3x>scope was equipped with the camera capable of 
taking iDiciDgr^hs of &esux&ceof the GaN layer. Fig. 10 is a nucrogrqih showing a 
representative area ofsUghtly greater than Imm^ on the sur&ce of tiie GaN Iqr No 
cracks are visible in the representative area. Measurements were repeated at several 

15 other locatioiis on the sur&ceoftibe GaN layer and similar results w^ The 
gallium nitride n:katerial was found to be substantially oack-fiee as d^Bned by a crack 
level of less ftan 0.0001 pm/pm^ 

This exanople illustrates the ability to grow gallium nitride Igyers ha vitig ^ 
crack level on a silicon substrate using a CQnQX)srtionally-graded transition Isyet. 

20 

Comparative Example 2: Production of Gallium Nitride Lg^erWitiiout Using A 

Compositionally Graded Transiticm Layer 

This example illustrates the generation of cracks in a gallium nittide material 

grown on a silicon substrate without using a conqx>atiQnally-graded transition l^er. 
25 An MOCVD process was used to grow mAlN intermediately 

layer in succession on a silicon substrate. 

A silicon (111) substrate having a 2-indi diameter and a thickness of 250 

nuoons was positioned in tiiesanieMOCV^Dsystm AnAlN 

intermediate li^rer was formed using essentially tiie same processing conditions as the 
30 growtii oftfaeintennediate layer in ExaDq)Ie L A GaN layer was grown on the 

intemiediate liQrerusmg essentially the same processing conditions as the growth of the 

GsN layer in Example L A conq^ositionally-graded transition layer was not grown. 
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Tlie seimccmductor inatexial was fm 
fix>m the MCX7VD system for analysis. 

The lesuUag semicooductor matm^ 
laver fomied on liie aUccm substxate. and a 1 .5 QaN lay er grown on the 

5 intemediatel^er. TbeGsNIqrerhadainc^ 

llie oa^ levd of Ihe GsN Iqw was xneasured iising ^ W 
described in £m:q>lel. Fig. 11 is a xniciogi^ showing a representative 
sli^y greater than 1 mm^ onlbe sui&ce of the GaN layer. Hie lengfliof each cradc 
in Ibe area was nieasmed and added together to determine The 

10 total crasdcleng& was divided by the SQxfiice area to detern^ 

Measurements were lepeaiBd at several other locations on Ifae sor^^ 
averaged to provide a cradL levd of Ifae GaN kQrer of abont 0.007 ^ 

This conq>axadve example ilbistrates ^presence of 
layers grown m a silicon substrate wi&out tising a compositionaDy«graded transition 

15 layer. 

Thnjgfi ginlle d in "ihe art would teadily appreciate ifaat all parameters listed herena. 
azemeantto 

be exosplaiy and &at the actual parameters wouM dq>end iQ>^ 
specific qsplication for vibicki fte semiconductor materials and methods of Ihe 
20 invention are used. It is»&erefpre, to be understood that the foregoing embodinieiite 
are presented by way of example only and that, within the scope of the qfpended claims 
and equivalents thereto the invention msy be. practiced otherwise than as spedfically 
described. 

f What is claimed is: 
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CLAIMS 

a substrate induding a silicon lajrer; 

a compoationally-graded transition layer fiinned over the substrate; and 
a galUim nitride inaterial layer formed over &e tiansidon 

2. The semiconductor material of claim 1, >?viierein1he composition of the 
txansxtion layer is graded continiionsly across Ibe thifiVness of fhe layer. 

3. The semiconductor material of claim 1, wherein the composition of the 
transition layer is graded discondnuonsly across the thicfeness of the k^er. 



4. Tlie sOTiiconductor material of claim 1, wherein ^ transition l^er cooqirises 
15 an alloy of gallinm nitride selected fiom the gtovp consistiiig of AlxI%Ga(i^c^, 

I%Ga(i^)N, and A]xGa(iH;()N. 

5 . The semiconductcu' material of claim 4, ifvherem the concentradon of galliom m 
the transition layer is graded. 



10 



20 



6' The semiconductor material of claim 4, ^^^iierein x and/or y is varied fiom a first 
value at a bac^ SQi&ce of file transition l^er to a second value at a firat sui^ 
transition layei:; wherein the ba£& sui&ce is closer to the sutetrate fiianlbe fiont 



25 . 

7. The semiconductor material of daim 6, ^^dierein the sum of fiie value of x and 
file vabe of y at the back snrfeoe is greater than 0.4. 

8. The semiconductor matexial of claim 6, i?Aerein fiie sum of fiie vahe of x and 
30 the vahieofy at file bade sm&ce is greats fiian 0.8. 
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9. ThesemicondiK^torixialsrialof clam 
Alxln^^ at liifi back suifice of the tcan^ 

10. Ilieseooicoxiductarmataiialof 

5 &evaliieQfyat&efi0iit5u:&cei5]esstiianO3. 

11. Tlie semiconductor xnaterid 

GaN at a fixmt sui£Eice of the transMon Iqrer m 
layer and is free of gaiUtm at a bade sui&ie 0 
10 substrate. 

12. 11ieseEziicQnductor2naterialofda2m4,\vfae^^ 
AlxGaa.^. 

15 13. Tbe8eizucQzid]JCtorixiateiialofdaim4,i^^^ 
direction away fitxtn the substrate. 

14. Ilie semiconductor matedal of claim 4, \idie^ 
direction away fiom ibe substrate. 

20 . 

15. Tbe semiconductor nmterial of claim 4, iwb^^ 
across the transition layer. 

16. Ibe semiconductor matedal of claim l,^?^ier^ 
25 siq)edattice. 

17. The semiconductor material of daim 16» ^wberdn&e sq)edattice is aBragg 
Reflector. 

30 18. Thes^conductormateiialof daim IS.^iiiierein&esiTe^^ 
series of alternating AlxInyOa(i.x.y)K and AlJubGadnhbiN layers. 



wo 02/48434 PCT/USOl/48426 

-21- 

19. Hie semicoiidiKrtor material of claim 18, wheranAe of value of y, a, andb 
axe constant across reactive layers and the ^dmess of Ifae respective layers is varied 
across the transition layer. 

5 2Q. Hie semiconductor material of claim 1 ^ ijAerem fhe transhjon layer lias a 
Huckoess between about 0.03 mioon and about 20 micatxns. 

21. The semiconductor inaterial of daim 1, wherdbalbe gall^ material 
layer comprises GaN. 

10 

22. Ibe semiconductor material of daiml.^Kdierein^gall^ 
layer comprises AlzI^CT^i-x-yi^^- 

23 . Hie semiconductor material of claim I , wherein the gallitm nitride material 
15 layerhasathickness of greater Iban 0.75 micron. 

24. Tlie senuconductor material of daim l,wberein the semicondu^ 
forms a semiconductor device. 

20 25. Iliesenucozuiactarn3aterialofcIaim24,v«d!erem 
forms an LED. 

26. The sezniconductc^ material of daim 24, wherein the semiccM^^ 
forms a laser diode. 

25 

27. The semicoiidnctor material of claim 24, i^iierein the sen^ 
formsaFET. 



28. . The semienTiHnftfnr mafmnl nf cImtw 1 ^ wh^rftfi^ ftft gnllf^im n^tn^ft Tnatwyf fl| 

30 layer has a crack level ofless than 0.005 pm/}mi^ 
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29. lliesemioondQctorsmtenal^^ 

layer has a cradc levd of less than 0.001 ^m/jjrn^ 

30. Tliesemicondactor material of dam 
5 k^er is sifl)StantiaUyfi:ee of cracks. 

31. lltesemconduchirxnat^ 
IcQrer is moDOciystaliiixc. 

10 32. Ihe semiconduclor material of daim 1, iTAecdn fhe substrate has alhickoess of 
greater ftan 250 micaxm. 

33. Thf gftmir^^^^^ mflterial of dflim 1^ wbo&n flie substrate is teacbgecL 

15 34. The semicooductor material of daim 1, furOier conqsisiBg an intermediate layer 
formed over the substrate and under Ifae tiansidon layer. 

35. The semiconductor materid of daim l,i?*erBin^ 
constant composition. 

20 

36. The semiconductor mataial of daim 1, wherdn fhe mtermediate l^er 
comprises an aHoy of gaffium nitride sdected j&om fte gmp conasling of AtI%Ga(HK, 
y)N, In^i.y)N, and AlxGa^^ 

25 37. The senuconductor material of claim 1, wherein ftesiibst^ 
silicon 'wafer. 

38. A semiconductor material comprising: 
a substrate including a silicon lay e^ 
30 a gallium nitride material layer formed over fhe substrate, fhe gallium nitride 

malerid kyer having a cradc levd of less tban 0.005 |jun/pm . 
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39- ThesemicoijductorniaterM 
l^er coiQiirises GaN. 

40. ThesenucQndiKtoniflteiialofclaim38,w^^ 

5 layer con^nises an alloy of gallium nitride selected fiom the group consisting of 

41. The semiconductor material of claim 36, \^*ereinfhe gallinpfi nitride material 
layer has a crack level of less Ihan 0.001 )mi/pm^ 

10 

42. The semiconductor material of daim 36, wherein the galHm 
layer is substantially fiee of cracks. 

43. The semiconductor material of clmm 36, tu!iereiTi tfift gnlli^irn PTtri<^f matfufi f^i 
15 l^erismonooystallme. 

44. The semiconductor material of claim 36|Wherdn^su^^ 
silicanvmfer. 

20 45. A semiconductor structure comprisiDg: 
a substrate including a silicon layer; and 
a gallhnn nitride nutterial layer fwmed over ^ 
ofgreater than 0.5 micnxDy 

li^Aierrin Ihe seniiconductor structure fixzms a semicoDductor device. 

25 ■ 

46. Ibe semiconductor structure of daim 45, irfierein ihe galTipm niiridft tnatftri aT 
layer has a ftickoess of greater than 1.0 micRm. 



47. Tbe semiconductor ^<^friff1 of claim 45, ^^^diodaa flie substrate comprises a 
30 silicon wa&r. 
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48. The senucondiictarstractaieof dam 

49. The semiconductor stroctuie of claim 45, ^yrfMarein the semicanchictar structore 
5 fimns a laser diode. 

50. The semiconductarstnicture of claim 45,^^1^^ 
forms a FET. 

10 51. Thft fifimicn nAietnr strngtars of daim 45^ ^^lecgin the gallium nitride material 
kyer has a ciac^ levd of less Iban 0.005 pin/|im^. 

52. T^ft g eantr/ ipfl^ictfir fitniefaire of daim 45^ wherein 'file gallium nitride matmal 
kyer has a CRudc level of less Ifaan 0.001 pni/^m^ 

15 

53. The semiconductor sfsroctuie of claim 45, wherein Ihegal^ 
layer is substantially fiee of ciiadcs. 

54. A mfi*^K^^ nf prrwhidng a semioondactiQr mntftrial corinrrifiing: 

20 -fi ^fp rting a cftin p ngiiinnany-gradfid tranffltion layer over a substrate induding a 

siliconlayer; and 

■lyy fTTiiTig gallium nitride maierial layer over the tranatiian layer. 

55. The method of daim 54, wlxeiein the conq>osition of &e tcandti0n layer is 
25 graded continuously across the thickness of the IfQT 

56. The method of claim 54, herein the composilion of the tcansitioa layer is 
graded discontinuously across &e thidcness of the layer. 

30 57. The mefhod of claim 54, vdierdn the transition layer conaprises an alloy of 
gallium nitride sdected fiom the groq) consisting of AlxInyGa(i4.y)N, I%Ga(i.y)N, and 
A]xGa(i^^. 
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58. The mefiiod of claim 54, \)<dkerezn1he coBceotration of gallium in llie transxdoii 
layer is graded. 

5 59. The method ofclaim56»\vheiein1iie value of xdec^ 
. from tbe substrate. 

60. The method of claim 56, ^erem the transition Iqrer compises A]gtGa(i^. 

10 61. lliemelhodof daim54,T^^ha:em1betnaisitionkyercom 

including a seiies of ahemadng A]xInyOa(i.x.y)N / AUnbOa(i^)N layeis. 

62. Tlie method of claim 54, p/hereinfte gallium nitr^ 
GaN. 

15 

63 . Tlie mediod of claim 54, ^n^ierdn Ihe gallium nitride material layer comprises 
AljtI%Ga(iHx^r)N. 

64. The mfiflmd nf elflnn fortfier Brwnprtcing pmeggjefng gftmiftntiAififer 

20 material to form at least one semioonductor device. 

65. The mediod of claim 54, herein the gallium mtide mateadal lay^ has a crack 
level of less than O.OOS pm/pm^ 

25 66. llae method of claim 54, i;riierein the gallimn^ 
level of less than 0.001 pm/pm^ 

67. The method of dahn 54, indierein the gallium niliide material layer is 
substantially fiee of cracks. 

30 

68. The method of claim 54, herein the galliiminitn 
monociystalline. 
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69. Theme&odofc]aim54,furbero^^ 
Ibe substrate aiid insdcr tiic tisoisM 

5 70. AxneifaodofproduciiigaseoiiK^^ 

foExning a galfium nitiide matedal layer fanned over a substzate mduding a 

siUcon l^er, &e gallium nhdde nu^ 

©•OOSpan/pm^ 

10 71. The method of daim 70, ^eremtbegal^^ 
GaN. 

72. Themefliodofclaim70,iKdieran11iegaI^^ 
thickness of greater ftan 1.0 inicnm. 

73. Theme&od of claim 70, i^dierdntbe gallhminiliide material Iqrerh^ a raack 
level of less ^lan 0.001 (im/^m^ , 

74. The method of claim 70, ivherein the galfiumnxtddemat^^ 
20 substantially free of Clacks. 

75. The method of claim 70, \vfafiEein1hegalUum nitride material 
monocrj^stalline. 

25 76. A metixod of fonning a semiconductor structure coxnid^ 

forming a semiconductor structure comprising a substrate including a silicon 
layer, and a gallinm nitride material lay^ fonned over the silicon substrate and 
having a thidcness of greater than 0.5 micron. 

30 77. The method of claim 76, herein the galHiim nitride materially 
thickness of greater than 1.0 micron. 
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78. Themeiliodof daim76»i^dieam^ 

79. The znefhod of daim769 ^wfaearemliie semicondnctor strocture frams alaser 
diode. • 

5 

.80. The me&od of claim 76, herein the semicondDctor stmctore fianns a FET. 

8 1 • Hie melhod of claim 76, "^wherein Ifae gallium nitiide xnateiial lajrer has a crack 
level of less &an O.OOS fun/pm^. 

10 

82. The method of daim 76, ^toem^gallim mid 
level of less flian 0.001 pm/pm^ 

83. llie method of daim 76, vdieidm^galiiimii^ is 
15 substantially fiee of cradcs. 

84. A semiconductor material composing: 
a silicon (100) substiate; and ^ 

a gallium nittide material layer havizig a Wuztzite structure tcmnsd over tbe 
20 siliccm substrate. 

85. The semiconductor material of daim 84, fixriher comprising a oomposrticHially- 
graded transition layer formed between the silicon (1 00) substrate and &e gallium 
nittide material Uq^. 

25 
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